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Measurements of Specific Heat Capacities Required to Build Computer 
Simulation Models for Laser Thermotherapy of Brain Lesions
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Objective: Laser interstitial thermotherapy has widely available. The current treatment, however, often 
relies on the experience of the treatment provider. To improve the accuracy of the laser treatment system in 
the future, it is necessary to construct simulation systems with physical properties such as heat conduction 
as a reference. However, no studies to measure a thermophysical property, of brain tumors have yet been 
conducted. Therefore, the present study was performed to measure specific heat capacities.
Materials and Methods: The specific heat capacities of tissues obtained from two willed bodies and eight 
specimens of brain tumors were measured by differential scanning calorimetry.
Result: In normal brain tissues, changes of specific heat capacity were minimal as the tissue was heated from 
37°C to 61°C. Conversely, in brain tumor tissues, changes of specific heat capacity between 37°C and 43°C 
were substantial, and the difference in the rate of change of specific heat capacity between brain tumor tis-
sues and normal brain tissues was significant.
Conclusions: The specific heat measurements of brain tissues and brain tumor tissues showed that changes 
of specific heat capacity between 37°C and 43°C were greater in brain tumor than in normal brain tissues. 
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INTRODUCTION

It is well known that heat denatures tissue, and the 
denatured tissue eventually loses its function. This 
occurs in both normal and tumor tissues, but tumors 
have less heat tolerance than normal tissues [1]. Using 
this difference in tissue properties, hyperthermia is 
used to treat the liver, bladder, prostate, and other 
affected areas [2, 3]. Of the thermal therapies, laser 
interstitial thermotherapy (LITT) has been used to 
treat brain tumors and other organs [1, 3, 4]. LITT 
produces a thermal effect at the lesion site by inserting 
a probe into the affected area and irradiating it with a 
laser beam [5, 6]. For treatment performed by LITT, 
a probe having a tip devised according to the location 
and size of the affected area is used, or a probe having 
a simple tip is moved manually [7, 8]. With either 
probe, temperature is monitored using a magnetic 
resonance (MR) device during treatment [9, 10]. What 
is necessary for more effective treatment is a treatment 
plan that uses computational modeling and simulation 
based on understanding the thermal characteristics of 
the tissue. The temperature dependence of the thermal 
characteristics in the effective temperature range is 
particularly important for brain tumors. However, few 
studies have investigated it.

In this study, the specific heat capacity of the tumor, 
including its temperature dependence, was measured, 
and the difference from normal tissue was clarified. 

Specific heat capacity was measured by differential 
scanning calorimetry (DSC), which is widely used for 
in vitro thermal measurements and thermal analyses 
and is highly reliable [11-13].

MATERIALS AND METHODS

Approval for this clinical research involving brain 
tissues from willed bodies and brain tumor specimens 
from patients was obtained from the internal review 
board (IRB) of the authors’ research institution under 
the study title of “Basic study of laser thermotherapy 
using cadaveric and brain tumor specimens” (accep-
tance No. 15R-037 dated August 12, 2015).

Normal brain tissues were harvested from two 
willed human donors who had given prior informed 
consent through an IRB-approved procedure. White 
and gray matter specimens were resected from sites 
such as the frontal, parietal, temporal, and occipital 
lobes collected randomly within a few days of death 
from brain tissues that showed little degeneration 
macroscopically. Specimens of brain tumor tissue were 
obtained intraoperatively from eight subjects who 
had given prior informed consent through an IRB-
approved procedure (2 subjects each with glioblastoma, 
diffuse astrocytoma, metastatic breast cancer, and 
metastatic lung adenocarcinoma). All specimens had 
been stored frozen at –15°C and thawed naturally over 
a sufficient time (about 2 hours) before measurement. 
The specimens were wrapped in a piece of gauze 
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moistened with 0.9% NaCl (normal saline) to prevent 
drying during the natural thawing.

The specific heat capacities were measured imme-
diately post-thaw by DSC using a Thermo plus Evo 
DSC 8230 (Rigaku Corporation, Tokyo, Japan) as a 
measuring device and synthetic sapphire (α-Al2O3) 
as a reference. The specimens were put in aluminum 
hermetic containers with a mass difference within 0.5%. 
DSC was set to a heating range between 20°C and 
80°C, which included the key range from the core tem-
perature of the human body (37°C) to the target tem-
perature of the LITT treatment (60°C) and additional 
temperatures below and above the key range that are 
required to construct a computational modeling and 
simulation of LITT, at a heating rate of 3 kelvin (K)/
min. First, base-line adjustment was performed with 
an empty container. Next, a specimen was placed in 
and pressed against the bottom of the container. Both 
the reference standard and the specimen were mea-

sured. Moreover, the specimens were weighed again 
after the measurement to make sure that no contents 
leaked through the container lid due to heat expansion. 
Each five specimens that showed no mass change were 
analyzed. Based on the DSC measurements, specific 
heat capacities were determined using a specific heat 
capacity analysis system (Rigaku Corporation).

Statistical analysis of the difference between the 
specific heat capacity of normal tissue and the tumor 
tissue were performed by Welch’s t-test using Microsoft 
Excel software (Redmond, WA, USA).

RESULTS

The mean specific heat capacities with tempera-
ture from 37°C to 61°C obtained by the DSC device 
are shown in the figures. Fig. 1 displays the results 
obtained from normal brain tissues. Fig. 2 shows the 
results from brain tumor tissues. The specific heat 
capacity increased gradually in the group of normal 

Fig. 1 The specific heat capacity–temperature curve in healthy brain tissues
 The means of specific heat measurements obtained from normal brain tissues of willed 

bodies are graphed, showing no differences between gray and white matter and be-
tween donors, and the specific heat increases gradually at a constant rate after 37°C.
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Fig. 2 The specific heat capacity–temperature curve in brain tumor tissues
 The means of specific heat measurements of surgically resected tissue specimens are shown. 

While the measurements at each temperature vary by tissue, the high rate of change as the mea-
surement temperature increases from 37°C to 43°C is shared by all tissues. The data also show 
that the specific heat capacity decreases gradually after 43°C in some tissues and increases slowly 
after a certain temperature and then stabilizes after a certain temperature in other tissues.

 
Figure 2 
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brain tissues and changed abruptly in the group of 
tumor tissues. In brain tumor tissues in particular, 
the specific heat capacity increased substantially up to 
around 43°C. The difference in specific heat capacity 
from 37°C to 43°C between normal brain tissue and 
brain tumor tissue was significantly different (P =  
0.038; Welch’s t-test).

DISCUSSION

LITT and other thermal therapies are performed 
on the theoretical basis that tumor cells are more 
susceptible to denaturation than normal tissues as the 
range of tolerance to heat is narrower for tumor cells 
than healthy tissues. Heating tissues to 43°C or higher 
induces cell membrane rupture, protein denaturation, 
impaired DNA and RNA syntheses, or changes in 
energy metabolism, leading to apoptosis in the heated 
tissue after several weeks. On the other hand, a tissue 
temperature of 60°C or above has been reported to 
destroy cells immediately by protein coagulation [6]. 
Therefore, in LITT and other thermal therapies, the 
treatment temperature zone is typically set to between 
43°C and 60°C [10]. However, the temperature in 
the vicinity of the laser fiber reaches about 100°C, 
which carbonizes the tissue and generates gas due to 
the rapid temperature rise, leading to adverse events 
in the surrounding tissues [8, 14]. Therefore, the 
computational modeling and simulation using data 
on the temperature dependence of specific heat ca-
pacity obtained in this study could be a fundamental 
technology that supports effective treatment of brain 
tumors. The present DSC analysis of changes of spe-
cific heat capacity in normal brain tissues and brain 
tumor tissues showed, very interestingly, a difference 
in the rate of change of specific heat capacity from 
37°C to 43°C between normal brain tissues and brain 
tumor tissues. This fact suggests that it is necessary to 
consider individual differences in addition to the area 
and size of the lesion site, which have been considered 
in the conventional LITT treatment. This fact also 
shows that computational modeling and simulation are 
necessary for the control of LITT with intraoperative 
temperature monitoring using MRI. The difference 
in the rate of change of specific heat capacity may be 
attributable to the properties of the proteins expressed 
in the tumor tissues [15]. Generally, tumor tissues 
are actively undergoing nuclear divisions and are 
characterized by changes in nuclear and cytoplasmic 
composition ratios and edema-induced increases in flu-
id. The differences in such composition ratios between 
normal brain tissues (mean: 0.0875; ± SD: 0.0389) and 
brain tumor tissues (mean: 0.2201; ± SD: 0.1450) were 
presumably behind the observed differences in specific 
heat capacity. The authors speculate that the finding 
nevertheless is likely a result of multiple changes in the 
intrinsic specific heat capacities of various proteins, 
lipids, water, and other components. The in vivo heat 
transfer equation is expressed by the following equa-
tion proposed by Pennes [16]:

,C T h ht t

t

T
t m b

2

2

2
dt m= + +

where T (K) denotes temperature; t (s), time; ρt (kg/
m3), density; Ct (J/kg/K), specific heat capacity; λt 
(W/m/K), thermal conductivity; hm, rate of tissue heat 

production; and hb, rate of heat transfer from blood 
to tissue. The third part on the right side of this model 
represents the inflow and outflow of heat associated 
with blood flow and indicates that the blood flow plays 
a large role in the heat transfer phenomena in living 
tissues. As the cerebral blood flow is measured using 
various diagnostic imaging devices in clinical settings, 
the measurement of specific heat capacity is important 
in providing information on the unsolved part in the 
Pennes equation. However, measurements of specific 
heat capacity are not available through a noninvasive 
means such as diagnostic imaging equipment and 
must be obtained by an invasive means of removing 
specimens of living tissue. The specific heat capacity of 
a component in tissues removed in vivo is determined 
as follows:
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where Cp is the specific heat capacity (kJ/kg/K), and T 
is the temperature. As such, the specific heat capacity 
of a tissue component is a unique value. It is therefore 
important to examine the relationship between tissue 
component and specific heat capacity. The Foundation 
for Research on Information Technologies in Society 
(IT’IS) provides data on specific heat capacity of each 
organ (https://itis.swiss/virtual-population/tissue-prop-
erties/overview/). This widely used database provides 
various physical properties of human tissues, including 
specific heat data by organ: e.g., 3.540 J/g/°C, liver; 
3.763 J/g/°C, kidneys; 3.886 J/g/°C, lungs; and 3.760 
J/g/°C, prostate [17]. The database also provides data 
on specific heat measurements of human brain tissues, 
including brain (3.630 J/g/°C), gray matter (3.696 J/
g/°C), and white matter (3.583 J/g/°C), which are gen-
erally in agreement with the data of specific heat mea-
surements obtained in the range of 37°C to 61°C in the 
present study [17]. The IT’IS data provide the specific 
heat capacities at certain temperatures, but the present 
report is novel in that it focuses on rates of change 
of specific heat capacity as the temperature rises. The 
specific heat data by organ show significant differ-
ences in specific heat capacities, obtained similarly by 
DSC measurement, among organs and tissues such as 
the liver and prostate, but no significant differences 
between normal tissues of the liver and prostate and 
tumors with an origin in these tissues, such as liver 
cancer and prostate cancer [18]. It is interesting to note 
that it differs from the present results showing differ-
ences in specific heat capacity between brain tissues 
and tumor tissues. While there are reports of studies of 
brain tumor tissues using DSC, as in the present study, 
that focused on the differences in entropy change in 
brain tumors and are useful for grading brain tumors 
[19, 20], the present study is the first, as far as we are 
aware, to measure thermophysical properties required 
for computer simulations of LITT.

In brain tumor tissues in particular, the specific 
heat capacity increased substantially up to around 
43°C, at which temperature tissue degeneration is said 
to begin. The authors thus focused on the slope from 
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37°C to 43°C, at which temperature cell degeneration 
occurs. The rates of change of specific heat capacity 
when the specimen was heated from 37°C to 43°C 
were compared between the normal group and the 
brain tumor group by Welch’s t-test. Furthermore, the 
rate of change of specific heat capacity after tissue de-
naturation at 43°C or higher differs from specimen to 
specimen, which was considered attributable to factors 
such as the site where the specimen was collected and 
contamination in the brain tumor tissues by necrosis, 
hemorrhage, or even normal tissues.

LIMITATIONS

The results in this study were obtained from 
specimens harvested from donors who willed their 
bodies before death and whose families gave informed 
consent and the remaining tissues from pathological 
diagnosis of the brain tumor tissues that were removed 
during surgical treatment with the patients’ informed 
consent. Ten respective specimens of white matter 
and gray matter harvested randomly from two willed 
bodies and a total of 40 specimens removed from four 
patients with primary brain tumors and four patients 
with metastatic brain tumors were measured. As such, 
the measurements were obtained from limited willed 
bodies and surgical materials under IRB-approved con-
ditions. The obtained physical properties varied, with 
a statistical analysis using a “2-group comparison of 
unequal variance.” The rates of change of specific heat 
capacity when the specimen was heated from 37°C to 
43°C were compared between the normal group and 
the brain tumor group by Welch’s t-test. Among the 
measurements obtained, the mean specific heat of the 
specimens from a patient with glioblastoma was lower 
than those of the specimens from patients with other 
brain tumors, suggesting that the tissue dysplasia in-
trinsic to glioblastoma showed a specific heat capacity 
different from other brain tumors. Furthermore, the 
rate of change of specific heat capacity after tissue de-
naturation at 43°C or higher differs from specimen to 
specimen, which was considered attributable to factors 
such as the site where the specimen was collected and 
contamination in the brain tumor tissues by necrosis, 
hemorrhage, or even normal tissues.

Another matter to be considered concerning the 
measured physical properties is the issue of degenera-
tion of the brain tissue removed from the willed bod-
ies. The willed human bodies were about 2 days after 
death, making it appropriate to take into consideration 
the issue of tissue degeneration in the evaluation of 
specimens; however, there is also a report indicating 
no significant impacts on cell degeneration within 48 
hours after the death of a human subject [21]. The 
absence of substantial variations in the measurements 
obtained from the specimens harvested from the two 
willed bodies indicated that there are no problems with 
the measurements obtained.

FUTURE DIRECTIONS

Thermal conductivity is an important thermophys-
ical property of living tissues that has yet to be mea-
sured. A plan is underway to measure this property in 
a future study. In addition, we plan to verify the effect 
of blood perfusion to brain tissues on heat conduction 
with a simulation model based on specific heat and 

thermal conductivity data.

SUMMARY

In order to increase the reliability of LITT treatment 
that has been based on treatment plans that rely on 
experience, DSC was used to measure specific heat ca-
pacities, an important factor for elucidating heat trans-
fer phenomena in living tissues. The results showed 
that the change of specific heat capacity from 37°C to 
43°C is gradual in normal tissues but substantial in 
brain tumor tissues.
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